ABSTRACT
INTRODUCTION
It is well known that iron corrodes in acid solutions, and corrosion can be reduced through the addition of some compounds known as inhibitors. Pyridine and its derivatives are among the compounds that have been studied as corrosion inhibitors for iron-acid systems. These studies have been carried out experimentally and theoretically. [1] [2] [3] [4] Most of these theoretical studies, which are based on semi-empirical quantum chemical calculations, the so-called "isolated inhibitor model," ignore the effect of the metallic surface.
1-2 The molecular parameters resulting from these calculations are then correlated to the inhibition effi ciency. This isolated inhibitor model is defi cient in the following areas:
-In inhibition evaluation, the effect of surface has not been accounted for. -For prediction of the inhibition power of a certain molecule, a knowledge of inhibition efficiencies of a set of similar molecules is required. Recently there have been a few papers published dealing with semi-empirical calculations of the inhibition properties of organic molecules in which the surface effect has been included. [4] [5] [6] [7] [8] However, as a result of the nature of the method used, not only the application is restricted to certain parameterized atoms but also an inherent error is associated with the approximations involved with them. powerful models have been innovated and developed. These are simple cluster and embedded cluster models. [10] [11] [12] [13] Although the embedded cluster model is more reliable than the former, it is very complicated and time consuming. Thus, it is mostly used for small molecules.
In the present work, the authors have attempted to apply ab initio calculations along with the simple cluster model to investigate the inhibition properties of eight substituted pyridine molecules in an Fe-acid system. The minimum energy values obtained were used to compare the inhibition powers of various pairs of pyridine derivatives under consideration. Just as in the simple cluster model, the model applied here accounts for surface-inhibitor interaction, and ab initio calculations use the correct Hamiltonian but do not use experimental data other than the values of the fundamental physical constants. Furthermore, the calculations involved here can be carried out on a common personal computer. In these calculations, two extreme orientations were applied, namely, adsorption through the delocalized π-electrons of the ring and through the lone pair electrons of the nitrogen atom. These orientations were fi rst considered by Ayers and Hackerman, 3 and then observed experimentally by others. [14] [15] [16] [17] The extension of this work for larger molecules (with multi-center adsorption sites) is currently under consideration in this laboratory, and some interesting results have been obtained, which will be reported in the near future.
METHOD
The method used in this work involved the simplest possible form of a cluster model (iron atominhibitor molecule). As mentioned before, for the molecules under consideration here, two extreme adsorption modes were postulated. These are the planar (P) and vertical (V) adsorptions. Ab initio quantum chemical calculations at a modifi ed density functional theory (DFT) level were performed via the B3LYP method. [18] [19] This modifi cation is a Hartree-Fock (HF)/ DFT hybrid method, which used a Becke's 3-parameter functional (B3) and includes a mixture of HF with DFT exchange terms associated with the gradient corrected correlation functional of Lee, Yang, and Parr (LYP). 20 Although the three semi-empirical parameters in B3LYP fi tted to produce thermo-chemistry of a set of small organic molecules, it has been shown to perform exceptionally well on transition metal systems and has much less convergence problems than those commonly found for pure DFT methods. [21] [22] Transition metals systems are electron-rich; thus, their calculations are very time consuming and huge. Also, for a proper description of them, the relativistic effect must be considered. Therefore, for a reduction of computational efforts and consideration of relativistic effects, a pseudo-potential method was used. So, for iron atoms, 18 inner shell electrons (1s 2 , 2s 2 , 2p 6 , 3s 2 , 3p 6 core electrons) were substituted by an effective core potential (ECP) of Hay and Wadt. [23] [24] [25] The ECP used in this paper was LANL1, which includes the scalar, mass-velocity, and Darwin relativistic effects. 24 The eight remaining electrons of iron at the valance layer (3d 6 , 4s
2 shell electrons) are described with a single-exponent minimal basis (MB) set. Other atoms in iron-inhibitor systems were treated by the STO-3G basis set. [26] [27] Alternatively, the above basis sets can be replaced by LANL1MB. Also, for geometry optimization of the inhibitor molecule, the standard 6-31G** 28 basis set was used. Calculations were initiated using geometry optimization of the inhibitor molecules through symmetry constrictions, i.e., planar holding of pyridine ring and C 3V symmetry of methyl groups. Thus, optimization was performed only on the bond lengths and angles. Then, interaction of these optimized inhibitors with an iron atom was explored as a function of the distance of the inhibitor molecule from the iron atom. At the equilibrium distance, the energy of the systems was determined. All calculations were performed using the Gaussian98 computer code, 28 working with an 1,800-MHz processor.
RESULTS AND DISCUSSION
The eight inhibitor molecules for which ab initio quantum chemical calculations were performed are given in Table 1 . The experimental relative effi ciency 3 are also included in this table. Table 2 contains quantum chemical results, which consist of the following:
-The minimum energy of the isolated inhibitor molecule, E iso . -The inhibitor molecule-iron atom distance at minimized energy, r min , for both modes. -The minimum energy of inhibitor moleculeiron atom system, E in-Fe , calculated for the two modes of V and P. -Interaction energies, E int = E in-Fe -(E iso + E Fe ). In this relation, E Fe is the total electronic energy of an iron atom and is equal to -22.31455 hartree. -Induced charge on an iron atom by the adsorbed inhibitor molecule at r min , N Fe , calculated from the B3LYP/LANL1MB method for both modes. All of the energies listed above, namely E in-Fe , E iso , and E Fe , were calculated using the B3LYP/LANL1MB method.
It can be easily shown that from the eight molecules given in Table 1 , 24 pairs can be selected that differ in inhibition effi ciency. 29 These pairs are listed in Table 3 . In this table, m and n refer to the inhibitor's number given in Table 1 . The interaction energy difference, ΔE, for each pair are also tabulated. These values are calculated for both modes, V and P. The negative values of ΔE indicate that Inhibitor m is ad-sorbed on the iron surface more strongly than n (i.e., m is a better inhibitor than n). From the data given in Table 3 we can see that:
-For the planar orientation, we have 22 correct predictions out of 24 cases (91.7%), while the corresponding statistical probability is 0.016%.
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-For the perpendicular mode, the relative agreement is 10 out of 24 or 41.7%, compared with 11.7% for complete randomness. The above observations indicate that, for the adsorption models considered here, the P mode is closer to reality. This is in accord with some experimental results, which indicate that parallel orientation is more probable for low coverage. [14] [15] [16] [17] Considering the vertical orientation by itself, although the relative agreement seems to be low, it cannot be entirely ruled out when it is compared with the values obtained from complete randomness (41.7% vs. 11.7%). The experimental studies show that the vertically adsorbed pyridine-substituted molecules are predominant at high coverage. [14] [15] [16] [17] Moreover, this mode seems to be more suitable for real cases when adsorption and accumulation of inhibitor molecules at a metal/ solution interface are considered. Thus, it may be concluded that, experimentally and theoretically, the initial adsorption prefers the parallel mode, but as this process continues a reorientation from P to V (P→V) will take place. This is due to the area releasing and the decrease in the ensemble adsorption energy caused by this reorientation.
In a real metal-adsorbate system, where the accumulation of inhibitor molecules at the interface is appreciable, besides the interaction energy given in Table 2 , two other factors must also be considered. These are the lateral interaction between adsorbed molecules and the effect of the charge induced by the inhibitor molecule upon the surface charge of the metal, q M . As the model applied here is a limiting case of low coverage, the fi rst factor seems to be insignifi cant. However, since the maximum adsorption of organic molecules occurs at near q M = 0, 31 the second factor must not be ignored. It is well known that in acid environments, q M for iron is positive. 32 Thus, induced charge by pyridine derivative molecules (Table  2) will diminish q M and, hence, will facilitate further adsorption of inhibitor molecules. This phenomenon may be considered as a synergistic effect. 33 Following this argument, the induced charge values of Table 2 have been used to compare the inhibitor effi ciencies of the compounds in Table 1 . The results are presented in Table 4 . This table shows that there are 23 true predictions out of 24 (96% compared to approximately zero statistical probability 30 ) for the vertical mode and 20 out of 24 (83% compared to 0.06%) for the parallel mode. In summary, inhibition effi ciency is related to both adsorption strength and the amount of inhibitors on the metal surface. In other words, the inhibition effi ciency is decided by both the interaction energy, E int , and the number of inhibitor molecules already present on the surface, which, in turn, is a function of the inhibitor concentration in the media. This point has been observed experimentally for a number of corrosion inhibitors in acidic media. 33 As shown in Table 2 , the calculated mean value of distance between substituted pyridine molecules 34 This relatively constant value of r min for different molecules under consideration here indicates that no defi nite hindrance effect because of the presence of the methyl group is observable. This fact can be attributed to the relatively long distance of the methyl group in the ortho position from the iron atom (around 3 Å). This can be observed in Figure 1 , which is a optimized three-dimensional representative of 2-methyl pyridine, one of four ortho-substituted molecules of Table 1 . For comparison, the calculated distances between the other atoms in the molecule are also given in this fi gure.
TABLE 3 Inhibition Effi ciency Prediction on the Basis of Interaction Energies for Pairs of Inhibitors m and n, Defi ned as ΔE = E int (m) -E int (n) for Both Vertical (V) and Planer (P) Orientations
Finally, a multiple regression analysis for the eight methyl-substituted pyridine studied (Table 1) has been carried out and the results are represented by Equations (1) and (2): 
where ε represents inhibitor effi ciency, and other parameters have been defi ned previously. CONCLUSIONS ❖ The theoretical calculation seems to be in line with the experimental observation that at a low coverage of the inhibitor, the planar orientation is preferred, and at a high coverage, the orientation of the inhibitor molecule will convert to a vertical form.
❖ Inhibition effi ciencies of the pyridine derivative molecules are not only affected by the molecule-metal atom interaction energy, but the induced charge on the metal atom by the inhibitor molecule must also be considered. The second factor affects the original charge on the metal surface. This may be considered as a kind of synergistic effect. 
